Employing a linkage betw een a biophysical and an economic model, this study estimates the economic impact of soil erosion by w ater on the w orld economy. The global biophysical model estimates soil erosion rates, w hich are conv erted into land productiv ity losses and subsequently inserted into a global market simulation model. The headline result is that soil erosion by w ater is estimated to incur a global annual cost of eight billion US dollars to global GDP. The concomitant impact on food security is to reduce global agri-food production by 33.7 million tonnes w ith accompanying rises in agri-food w orld prices of 0.4% to 3.5%, depending on the food product category. Under pressure to use more marginal land, abstracted w ater v olumes are driv en upw ards by an estimated 48 billion cubic meters. Finally, there is tentativ e evidence that soil erosion is accelerating the competitiv e shifts in comparativ e adv antage on w orld agri-food markets.
Introduction
I n a changing w orld of eight billion people facing the critical threats of climate change, w ater scarcity and depletion of soil fertility, the agricultural economy is faced w ith the challenge of maintaining food security w hilst respecting env ironmental and ecological boundaries (Altieri and Nicholls, 2017) . A key element for ensuring a sustainable system of food production is linked to effective soil management, w hich requires a reduction in soil erosion rates (Poesen, 2018) . Among v arious land degradation processes, soil erosion is recognized as a major env ironmental problem causing a loss of topsoil and nutrients, reduced soil fertility (Zhao et al., 2013) and, as a consequence, reduced crop yields (Telles et al., 2011) . Furthermore, soil erosion may unlock and thereby increase emissions of CO2, exacerbating global w arming .
The main causes for soil erosion by w ater are geomorphological factors (heterogeneous surfaces, steep slopes) combined w ith climatic risk (rainfall erosiv ity, increased number of dry days combined w ith strong thunderstorms) and human activ ities (e.g. land use change, deforestation, ov ergrazing, agricultural intensification) (Panagos et al., 2016) . Soil erosion is a major threat to agricultural soil productivity (losses in yields, nutrients and plantations) and may also generate off-site impacts such as sedimentation, flooding, damage to properties, landslides, and w ater eutrophication (Boardman and Poesen, 2006) . The best techniques to prev ent or reduce soil erosion rates are reduced tillage, contour farming, terraces, afforestation of slopes, plant residues, cov er crops, grass margins and brush layers (Poesen, 2018; Panagos et al., 2016) .
A recent estimation of land degradation costs show s that the global economic impact is highly uncertain, from 40 to 490 billion US$, and v aries from country to country (Nkonya et al., 2016) . More than tw o decades ago, Pimentel et al. (1995) estimated the on-site costs of w ater erosion in the United States of America to be about 16 billion US$ per year based on expert know ledge. Similarly, the agricultural productiv ity loss due to soil erosion in the European Union is estimated to be around 300 million € using a combination of the recent soil loss assessment and the w ell-know n Global Trade Analysis Project (GTAP) computable general equilibrium (CGE) simulation model. A recent application to the African continent estimates the annual loss of crop yield to be about 280 million tonnes (Wolka et al., 2018) , compared w ith a corresponding figure of only six million tonnes in the European Union .
With one notable exception , a typical feature of the aforementioned studies is that they carry out a 'first-order' cost ev aluation exercise focusing on agricultural production losses (Martínez-Casasnov as and Ramos, 2006; Erkossa et al., 2015; Hein, 2007) . More specifically, the economic v alue of land productiv ity loss is calculated by the direct loss in production of the affected crops (tonnes) multiplied by their respective av erage market prices ($/tonnes). Thus, the v ast majority of these studies do not capture the resulting 'second-round' effects of structural economic change that arise ow ing to shifts in primary resources, particularly the land factor. Moreov er, to the best of our know ledge, there is no study that fully captures these structural impacts from land productiv ity losses due to soil erosion at the global scale.
To close this gap in the literature, an approach akin to Panagos et al. (2018) is follow ed.
Thus, a sequential modelling framew ork is employed, w here national and regional soil erosion rates provided by the recent global soil erosion assessment are first conv erted into land productiv ity losses, and then implemented into the Modular Applied GeNeral Equilibrium Tool (MAGNET) (Woltjer and Kuiper, 2014) . At its core, MAGNET is essentially the GTAP model (Corong et al., 2017) , although it is preferred largely because it contains a superior modelling treatment of agricultural factor markets. The counterfactual thus captures the resulting marginal market impacts in agricultural (and non-agricultural) activ ities, w hich arise in each region due to soil erosion.
The rest of this paper is structured as follows. Section tw o explains how soil erosion rates and land productiv ity losses are obtained. Section three show s how the economic impact of soil erosion is measured, w hilst the results are presented in Section four. A final section discusses how these findings can benefit the formulation of relev ant land use policy, presents some of the cav eats and adds some concluding remarks.
Estimating global soil erosion rates and land productivity losses
Long-term annual soil erosion rates are obtained from Borrelli et al. (2017) , w ho use a combination of remote sensing, spatial analysis techniques and statistical data in the framew ork of the Rev ised Univ ersal Soil Loss Equation (RUSLE) model. The model prov ides erosion rates at a ~250 × 250 m cell bases for the land surface of 202 countries (around 2.89 billion cells; ~125 million km 2 ), cov ering about 84.1% of the Earth's land area. The soil erosion (Mg ha -1 yr -1 ) resulting from interrill and rill erosion (Figure 1) processes is based on the follow ing multiplicativ e equation:
A g = R g * K g * LS g * C g * P g
[ is the land cov er and management factor, [dimensionless] is the soil conserv ation or prev ention practices factor.
According to equation 1, RUSLE consists of a multiplicativ e equation including fiv e env ironmental parameters (Figure 1 ). The global rainfall erosiv ity factor ( ) is computed according to Renard et al. (1997) , using a combination of sub-hourly and hourly pluv iometry data of 3,625 meteorological stations (collected across 63 nations) interpolated using the Gaussian Process Regression (GPR) . The global soil erodibility factor is measured based on the equation proposed by Wischmeier and Smith (1978) w hich relies on some intrinsic soil properties (e.g. texture, organic matter, structure and permeability) currently av ailable at the I SRI C SoilGrids database at 1 km spatial resolution (Hengl et al., 2014) . The topographic parameters, slope and upslope contributing area, needed to compute the , factor are deriv ed from the hole-filled SRTM 3 arc-seconds (ca. 90m) Digital Elev ation Model (Reuter et al., 2007) for the land surface betw een 60° North and 56° South and ASTER GDEM v 2 data products for the extreme North latitudes (Robinson et al., 2014 Organization's (FAO) are used (more detail in Borrelli et al., 2017) . To assess the final modelling factor, i.e., , the information about the proportion of cropland area under conserv ation agriculture prov ided by the countries to FAO are used. To ev aluate w hether the model outcomes comply w ith the regional findings of former studies, the global soil erosion maps of 2001 and 2012 are compared w ith a set of representativ e and highly adv anced regional soil erosion assessments. More detailed information on Eq. 1 is prov ided in Appendix A1.
The study focuses on 14 million km 2 , w hich is considered to be the global arable land area w here crops are cultiv ated. This area corresponds to approximately 11% of the total modelled area of 125 million Km 2 , w hich coincides w ith the statistics prov ided by the World Bank 1 and FAO 2 .
I t should be recognised that the crop productiv ity loss due to erosion includes high uncertainty and depends on many factors such as erosion rate, crop type, crop yields, seasonality, etc. To estimate the associated land productiv ity losses by region (LPLr)
arising from soil erosion, this study follow s the same approach as Panagos et al. (2018) :
Where SEAr is the area of sev ere erosion per region/country 'r' in hectares and TAAr is the agricultural area in each region/country 'r'. This study assumes a mean crop productiv ity loss of 8% in arable lands threated by sev ere erosion (> 11 t ha -1 yr -1 ). This assumption is based on a thorough literature review (see Panagos et al., 2018 and Table   S1 of the Supplementary material) taking into account experimental results on crop losses in cases of sev ere erosion in different areas all ov er the w orld . I n this study, a state-of-the-art recursive dynamic, multi-region, multi-sector neoclassical CGE model, know n as the Modular Applied GeNeral Equilibrium Tool (MAGNET) (Woltjer and Kuiper, 2014) , is used. A key adv antage of MAGNET is its modular structure that allow s the user to easily sw itch on/off non-standard modelling extensions w hich are pertinent to the research question at hand. Giv en this flexibility, the model has been used in numerous contexts including land-use change (e.g., Schmitz et al., 2014) ; EU domestic support (e.g., Boulanger and Philippidis, 2015) ; biofuels and bioeconomy (e.g., Smeets et al., 2014; ; food security (Rutten et al., 2013) , climate change (v an and international trade .
I n common w ith GTAP, MAGNET is calibrated to the GTAP database (Aguiar et al., 2016) , w hich in this study employs v ersion 9 w ith a benchmark year of 2011. The GTAP data encompasses 141 regions and countries, 57 tradable sectors and eight factors of production (including agricultural land).
An important modelling adv ance ov er the standard GTAP model is that MAGNET explicitly characterises the rigidity in agricultural factor markets, both in terms of land transfer between different agricultural activ ities; and in the labour and capital markets to characterise the w age and rent differentials that exist betw een agricultural and nonagricultural labour and capital markets. 3 As a result, agricultural sector supply responsiv eness in MAGNET is relativ ely inelastic compared w ith GTAP. I n addition, in contrast w ith the assumption of fixed agricultural land supply in GTAP, the sustainability of land av ailability is measured more precisely in MAGNET through the use of biophysical data on av ailable agricultural land areas. More specifically, a region specific asymptotic endogenous agricultural land supply function signals av ailable land areas corresponding to changes in the real rental rate of land (Eickhout et al. 2009 ). 4 The potential for bringing additional land into agricultural production is limited to the maximum potentially av ailable land, estimated by the I MAGE land management model (v an Doelman et al., 2018) . The default I MAGE asymptote is defined as the total land av ailable for agriculture, w hich excludes areas w ith prohibitiv ely high land conv ersion costs (mainly ice, desert and w etlands), urban and non-productiv e protected areas (Woltjer and Kuiper, 2014) . 5
Model integration
The soil erosion rates estimated by RUSLE are long-term av erages based on timeinv ariant env ironmental and topographic parameters, and crop management and land cov er change (Figure 1 ), w hich change at a v ery slow pace over time. I n the CGE model, the resulting equivalent regional land productiv ity change is typically modelled as an exogenous technical change parameter in the land demand function, detailing the ratio of output per unit of land input.
I t is assumed that the productiv ity impacts of soil erosion rate reported for 2010 by the RUSLE model are already embedded w ithin the 2011 GTAP benchmark data equilibrium. Thus, to assess these marginal impacts, an exogenous rev erse (positiv e)
shock is applied to the land productiv ity parameters to capture the soil erosion ev ent that led up to the 2011 benchmark year. The difference betw een this counterfactual and the benchmark data giv es us a marginal estimate of the resulting market impacts. Table S2 of the Supplementary material.
Simulation results

Land Productivity Losses due to soil erosion
To maximise the richness of av ailable regional land productivity estimates generated by the RUSLE model as input for the MAGNET model, outputs are aggregated to 115
countries (see Table S3 of the Supplementary material), the results of w hich are presented as 18 macro-regions (8 'large' countries plus 7 macro-regions grouping neighbouring countries and the rest of the w orld, Table 1 ). 6
The sector aggregation in MAGNET includes the seven main GTAP agricultural cropping activ ities (i.e., rice, w heat, other cereals, horticulture, oilseeds, raw sugar, and a residual 'other cropping' activ ity) and sev en non-arable and food processing activ ities (i.e., liv estock, meat, dairy, processed sugar, processed rice, v egetable oils and fats, other food). Fertilizers, non-food manufacturing, serv ices and energy and natural resources activ ities are aggregated into four sectors (see Table S4 of the Supplementary material). Table 1 . Regional aggregation for result v isualization. In 2011, the ten largest producers of agricultural goods were: China, Brazil, India, USA, Indonesia, Russia, Thailand, Nigeria, Argentina and France. W e hav e kept disaggregated the first fiv e countries and the only African country of the list. USA and Canada are aggregated together as Canada's geographical characteristics a land productiv ity shock are more similar to those of the USA than Mexico's.
Macroeconomic impact
The CGE model captures the 'first-round' impacts from relative soil productivity changes across regions. Thus, w hilst the magnitude of the rev erse productiv ity shocks prov ided by RUSLE is consistent in sign across all regions, the strength of this effect is highly heterogeneous. Those regions w ith larger (smaller) crop productiv ity deterioration w ill exhibit marginal relativ e deteriorations (improvements) in competitiv eness, resulting in a marginal negativ e (positiv e) crop production trend. I n addition, the model also accounts for 'second-round' economy-w ide ripple effects w hich are both 'local' and 'broader' in nature. The former are felt through the re-allocation of agricultural land betw een competing uses and the v ertical transmission from upstream agriculture to dow nstream food activ ities (i.e., supply of inputs). The latter reflects the impacts on the returns to labour and capital (i.e., w ages and rents) from their redistribution from agricultural to non-agricultural uses, and the resulting economy-w ide repercussions on household incomes, production and macroeconomic grow th. Results show that global losses in crop production are clearly ov erestimated by a direct-impact computation. 7
Unless otherw ise stated, all marginal impacts reported are either in percentage terms, v olumes or dollar v alues.
As expected, the macro impacts are fairly muted, giv en that the annual land productiv ity shock is relativ ely moderate and concentrated in the agriculture sector.
The general pattern is that soil erosion is not beneficial to real gross domestic product (GDP) grow th ( Figure 3 and Table S5 of the Supplementary material): the declining productiv ity in agriculture arising from the deterioration of the land factor has an almost unambiguous negativ e economic impact. I n monetary terms, this amounts to a loss of approximately 8 billion US dollars of GDP. I n all regions, a decrease in the production possibilities w ith the same input av ailability should bestow negativ e macroeconomic impacts to the region under consideration.
This is particularly the case w here estimated regional land productiv ity deteriorations due to soil erosion are larger (i.e., I ndonesia, 'Central America and the Caribbean').
Equally, regions w hich hav e a larger agricultural base and a relativ ely larger share of v alue added accruing from the land factor (i.e., I ndia) also show greater relativ e decreases in their GDP, despite more moderate changes in land productiv ity. I n relative terms, the biggest losers due to soil erosion are I ndonesia and I ndia, w ith recorded losses approximating 0.1% of GDP, w hilst in Nigeria and 'Central America and the Caribbean', the reported loss is closer to 0.04% of GDP.
I n other regions (i.e., Europe, USA and Canada, Oceania, MENA) agriculture's share of GDP is relativ ely small, in some cases heav ily subsidized, and land productivity losses are less pronounced. As a result, macroeconomic losses are negativ e and in some cases (USA and Canada, Oceania) ev en marginal gains are observ ed as these regions find themselv es in a relativ ely more favourable production and trade position ( (Table 2 .1), of w hich 22.5 million tonnes are crops (Table 2 .2), due to sev ere erosion. This is equiv alent to 0.41% (0.27% for crops only) of global agricultural production. Results are also illustrated in Figure 4 (absolute v ariation in agri-food production in million tonnes) for all av ailable countries (corresponding numbers are reported in Table S6 .1 and S6.2 of the Supplementary material). Due to the low er amount of agri-food products av ailable in the international markets and the consequent price increase, the total v alue of these goods has increased by 24.9 billion US$.
Giv en the description of the 'first-round' model driver discussed abov e, the contribution to the total impact on crop output v aries substantially across macro-regions. According to the output of the RUSLE model, the areas of China and South-East Asia hav e larger land productiv ity losses reflecting the larger soil erosion effects. As a result, these regions are major driv ers in the global crop output deterioration. More specifically, I ndonesia, China, I ndia and the rest of South East Asia's crop production has decreased by approximately 4.1, 3.9, 7.7 and 7.1 million tonnes, respectiv ely (Table 2 .1). A similar observation can be made for Brazil, w here the result is a decrease in crop output of 6.3 million tonnes.
I n contrast, for the 'USA and Canada' region and Europe, w hich had smaller crop productiv ity impacts from the RUSLE model (Figure 2 ), both regions exhibit the largest crop output increases. More specifically, these tw o regions show crop production rises of 3.3 million tonnes and 1.9 million tonnes, respectiv ely. Results are illustrated for 109 single countries, fiv e macro-regions and one residual region, the latter for clarity reasons is not shown in the map. Macro-regions and the residual region are illustrated in Figure S1 of the Supplementary material.
Despite the negativ e impacts on crop production in Nigeria and other big countries of Central-South Africa (e.g., Kenya, Ghana, Ethiopia, see Table S6 .1 and S6.2), ov erall African crop production rises slightly as a result of sev ere soil erosion (around 375 thousand tonnes), in large part driv en by the production gains recorded in South Africa and Northern African countries (i.e., Egypt) 9 . This result is due to tw o main factors. Firstly, w hilst the demand for more marginal land increases in all regions (Table S7 and Figure   5 ) to compensate for the low er land productivity, the av ailability of unused agricultural land is estimated to be relativ ely more abundant in the African continent (approximately 4 million against 2.3 million km 2 of China, Brazil and I ndia). I n this region, land demand expands by about 58,250 km² (26% of global rise), w hilst in China, Brazil and I ndia the increase is smaller, although significant (approximately 17,000, 29,500 and 7,400 km² respectively). Secondly, the countries located in the North and in the South of the African continent account for a big share of the agricultural production in Africa and compensate the substantial productiv ity losses occurred in the Central region. As a result, Africa as a continent experiences a slight improv ement in its comparativ e adv antage and positiv e production trends. The same result holds for other regions (e.g.
'USA and Canada', Europe and Oceania), w here one or the other reason mentioned abov e may prev ail in driv ing the positiv e production output.
Globally, land demand increases by approximately 223,000 km², equiv alent to a 0.5% increase in global land use in agriculture. The largest contributions arise from cereals (27%), driv en by the positiv e change in production, horticulture (19%) and oil seeds (19%) activ ities ( Table 3 . Marginal absolute change in land demand (km²) due to sev ere soil erosion. Percentage v alue in the last column indicate the percentage change relative to the amount of land used in agriculture in 2011.
Figure 5.
Marginal absolute change in land demand by country (km²) due to sev ere soil erosion. Results are illustrated for 109 single countries, fiv e macro-regions and one residual region, the latter for clarity reasons is not shown in the map. Macro-regions and the residual region are illustrated in Figure S1 of the Supplementary material.
Decomposing the result on production further (Supplementary material), it emerges that the positiv e result is driven by cereals and horticulture production increases in South Africa and in north African countries, w hile some West (Cameroon, Cote d'I v oire, Ghana) and East African countries (Ethiopia, Kenya, Madagascar and Rw anda) suffer in terms of horticulture production loss, which are typically high v alue added cash crops for these countries.
I mportantly, it should be noted that w hilst land productiv ity losses are assumed to be uniform for all cropping activ ities w ithin the same country, the market impacts on crop activ ities w ithin a region is heterogeneous. This observ ation occurs due to the combination of regional patterns of soil erosion across the regions reported by RUSLE and the relativ e trade competitiv eness of indiv idual crops across regions, captured in the MAGNET model. For example, rice production is found to be acutely affected by the pattern of soil erosion. The av erage productiv ity shock hitting the top 75% of w orld rice producers (principally in South East Asia and China) is 3.7%, compared w ith 2.1% for the remaining countries (not show n). As a result, examining the collectiv e impact on paddy-and processed rice activ ities (Tables 2.1 and 2 .2), this single supply chain accounts for 19% of the global agri-food v olume decrease. Similarly, horticultural products account for 28% of the agri-food v olume decrease, w hich is also driv en by South-East Asia and China. Giv en Brazil's comparativ e adv antage in soybean and sugar cane, the same observ ation can be made for these tw o crops. More precisely, oilseed makes up 11% of the ov erall agri-food production decrease, w hilst the entire sugar production chain makes up 26% of the total.
I n the case of w heat and other cereals, global production increases by 2.6 million tonnes (w hich in relativ e terms is 0.1% for both, see Figure 6 ), and reflects the fact that calculated region w ide land productiv ity impacts from erosion effects for the key producers of these crops, are relatively lower. For example, the largest w heat producers (e.g., Canada and Russia) are hit by an av erage productivity shock of 1.3%, compared w ith 3% for the remaining countries.
I n liv estock and food processing activ ities, the local 'second-round' model driv ers discussed at the beginning of this section come to the fore. With decreased global production in many cropping activ ities, feed costs are also higher because of soil erosion impacts. As a result, liv estock, meat and dairy production is also low er (3.2 million tonnes, 1.3 million tonnes and 527 thousand tonnes, see Table 2 .2). Similarly, the upstream-dow nstream links betw een crops and food processing sectors show the implications of the net decrease in crop output on food processing sectors. 
Trade
The results in Figure 7 show the marginal impacts on the agri-food trade balance (i.e., exports minus imports) measured in millions of US dollars. On the one hand, the 'production effect' determines the internal market balance and consequently available exports from each country/region. On the other hand, w ith increases in real grow th, rising real incomes driv e additional demand for agri-food products. I n dev eloping countries typified by low er per capita incomes, the marginal demand increases are expected to be larger giv en the higher income elasticity of demand. Examining the net impact of these driv ers on the trade balances, large agri-food importers such as China and the rest of South East Asia hav e further increased their trade deficits. I n contrast, the 'USA and Canada', Europe and the 'rest of South America', all of w hich are net exporters of agri-food commodities, gain a further relativ e competitiv e edge from soil erosion, resulting in improv ements in their agri-food trade balances.
Examining the impacts on total agri-food trade, of the 450 billion $US in primary agricultural (crops and liv estock) trade, soil erosion is found to reduce this by approximately 8.5 billion $US. Similarly, of the total food trade of 900 billion $US, the corresponding soil erosion impact is recorded as 3.5 $US billion. 
Food Prices
Examining the affordability of food, Figure 8 clearly show s soil erosion has inflated food prices due to the productiv ity effects on producer prices in all countries. The most impacted commodity is paddy rice, w hose w orld price has risen by 3.5%, follow ed by w orld prices in w heat, other cereals and other relev ant staple foods (around 1.5% larger) 10 . The effects on primary agriculture are then transmitted to processed commodities.
The effects of w orld prices are again mainly driv en by shocks in Asian countries, e.g.
37%, 25% and 15% of the change is due to the land productiv ity losses in South Asia, China and I ndonesia, respectively. The same holds for processed rice as w ell. I n terms of global price changes, it is interesting to note that China has the largest impact on most agri-food commodity prices, driv ing on av erage one-third of the global price changes (Figure 8 ).
10 The productiv ity driv en effect drives a world price increase also in commodities whose global production is increasing, like wheat and cereals, as domestic price are rising globally. Decomposing the food price index changes, Figure 9 also show s the extent to w hich the food price index w ithin each region is mainly affected by land productiv ity shocks from w ithin that same region v is-à-v is relativ e cost changes from imports from trading partners. For example, although it is a large agricultural producer, I ndia is only on a par w ith self-sufficiency in most agricultural commodity categories. As a result, I ndia's food price index is almost dominated by the changing cost structure in its domestic market.
On the other hand, outliers are the Middle East-North Africa (MENA) and Central and South-African (CSA) regions, w here self-sufficiency lev els are w ell below unity and heav y trade dependence is more characteristic of their domestic markets. Thus, non-MENA and non-CSA region land productiv ity shocks make up respectively 80% and 66% respectiv ely of the impact on the food price index in each region. 
Water 11
The land productivity loss due to sev ere soil erosion requires additional marginal land in production (see Figure 5) . Follow ing the MAGNET model assumption that the share of irrigated land in each crop activ ity is exogenously fixed, an increase in land use increases w ater abstraction (Table 4 and Figure 10 ). Globally, soil erosion has brought about a 1.6% increase of the w ater withdrawn for agricultural purposes (w hich is equal to more than 48 billion cubic meters). I n absolute terms, China, I ndonesia and SouthEast Asia represent approximately 14%, 12% and 23% of the global increase, due to the irrigation intensiv e system of rice production. I n proportional terms, Brazil, the 'USA and Canada' region and South America w itness w ater abstraction increases of up to 5%.
On a commodity basis, just under half of the w ater abstraction increase is due to the impacts of soil erosion in the paddy rice sector. As expected, this figure is almost exclusiv ely driven by the regions of Asia, due to importance of this staple product in the diet (see also Table S8 ). To compensate for the low er productiv ity of land, in these countries land demand for rice production increases by about 21,000 km², corresponding to 75% of global increase in land demand for this crop (Table S7) .
11 For further discussion of the water computation in MAGNET, see Appendix A4. Table 4 . Marginal change in water abstraction due to sev ere soil erosion (million m 3 ). Percentage v alues in the last column indicate the percentage change relativ e to the amount of water abstraction in 2011.
Figure 10. Marginal change in water abstraction due to sev ere soil erosion ( billion -G-m 3 ). Results are illustrated for 109 single countries, fiv e macro-regions and one residual region, the latter for clarity reasons is not shown in the map. Macro-regions and the residual region are illustrated in Figure S1 of the Supplementary material.
Discussion and concluding remarks
Employing an interdisciplinary approach that links a global biophysical model to a global economic model, this study takes a forw ard step in understanding the global economic costs of soil erosion. I n the context of the broader debate, it provides a direct input into recent strategies such as the Economics of Land Degradation initiativ e (ELD, 2015; Nkonya et al., 2016) and the Global Land Outlook (GLO) currently proposed by United Nations Conv ention to Combat Desertification (UNCCD).
As a headline figure, the results show that soil erosion is unambiguously detrimental to global food production, resulting in a non-triv ial decline in agricultural and food production of 33.7 million tonnes. Ev en under the (strong) assumption of existing compounded rates of soil erosion ov er time, coupled w ith projected rising rates of population, the implications for food security, natural resource management practises (i.e., land, w ater) and stable societies, particularly in the poorest parts of the w orld, are
concerning. This reinforces the need for greater engagement by stakeholders to raise aw areness regarding the central function of soil preservation in our society (Keesstra et al., 2016) .
How ever, a further look at the results rev eals that, compared w ith prev ious 'first-order'
estimates of soil erosion costs, these findings draw markedly different conclusions. tillage and terraces are used to improv e w ater storage capacity and crop land productiv ity. I n Ethiopia, degraded land areas hav e been enclosed from human and animal use and enhanced by additional v egetativ e and structural conserv ation measures, to permit natural rehabilitation (WOCAT, 2007; Giger et al., 2018) .
Furthermore, comparing w ith the CGE study of Panagos et al. (2018) , these results present a markedly different picture for the EU since, unlike their study w hich only examines erosion in the EU , the current scenario design models simultaneous erosion effects throughout the globe. With its relativ ely milder erosion rates, the EU now is in a relativ ely more fav ourable production and trade position, w hich contrasts sharply w ith the negativ e EU production impacts reported in Panagos et al. (2018) .
Drilling dow n into the results, one also observ es that ev en w ith an erosion shock corresponding to a single year, there are noticeable global shifts in agricultural production in China, I ndia and Brazil. These changes are particularly prev alent in the production of rice (and oilseeds on a lesser degree), w hich decreases by almost 0.5%
globally. I ndeed, our study rev eals that falling land productiv ity, particularly for rice production, is a major driv er of increased w ater abstraction in Asia. From a trade perspectiv e, the heterogeneous rates of erosion across the planet giv e rise to accelerating current trends w here net agri-food exporters such as USA, Canada, Europe and Oceanian countries continue to improv e their net trade balances at the cost of net food importers such as China and South East Asian countries.
These effects call for the prioritization of soil governance and conservation strategy in all countries and international policy agenda. I n this regard, the European Commission launched the Sev enth Env ironment Action Programme, w hich requires that by 2020 land is managed sustainably and soil is adequately protected (Paleari, 2017) . Focusing on agricultural land, the EU's Common Agricultural Policy (CAP) links support directly to the need to maintain agricultural land in good condition, w hilst the post-2020 CAP includes as one of its main objectiv es, efficient soil management linked to actions to reduce soil erosion and increase soil organic carbon (Panagos and Katsoyiannis, 2019) .
I n the USA, the Farm Bill extends soil conserv ation compliance requirements in order to qualify for the crop insurance subsidy (I slam et al., 2014) . At global scale, the FAO and its Global Soil Partnership launched in June 2018 a new programme to reduce soil degradation for greater food and nutrition security in Africa. Other countries are implementing local measures (WOCAT, 2007; Giger et al., 2018 ), yet a global multilateral env ironmental agreement on soil protection is missing (Montanarella and Lobos Alv a, 2015) .
Measures aimed at reinforcing ecosystem serv ices, ad hoc regulation of human interv entions and active farmers' participation contribute to minimize soil erosion. To this aim, protection and restoration of diverse plant communities on slopes are essential, as trees and div ersified vegetation increase soil resistance to rain erosiv ity (Berendseet al., 2015) . Other measures such as reduced tillage, buffer strips, agroforestry, plant residues and cov er crops enhance soil fertility and control w ater runoff (Fageria et al., 2005; Triplett and Dick, 2008) .
As in all modelling endeav ours, there are cav eats to the study. Firstly, as discussed in section 2, there is uncertainty surrounding the soil erosion estimates from the global biophysical model and the assumption that land productiv ity losses occur only in sev erely eroded land. Secondly, the assumption of av erage crop productiv ity losses due to soil erosion is based on a literature rev iew but in the real w orld it can v ary from region to region. Further, physical and economic models typically w ork at different temporal and spatial scales. The need to interface RUSLE w ith MAGNET implies that the site-specific soil erosion data hav e to be adapted at the larger (national) spatial scale of the CGE model. Finally, w hilst the economic framew ork provides some insights on the biophysical implications of soil erosion (e.g., land usage, w ater abstraction), a fuller treatment of the off-site costs (paid by the society) such as destruction of infrastructures, sedimentation, flooding, biodiv ersity and soil carbon losses, landslides, and w ater eutrophication, w hilst requiring further research, are beyond the scope of this paper.
Connected to this last point, future analysis could therefore seek to broaden the list of indicators beyond recognised metrics such as prices, production, trade and GDP, w here the latter has been criticised as a misleading measure of success or failure (Robert et al., 2014) . I ndeed, in the context of soil erosion, a broader set of indicators is v ery much inspired by the realisation of the Sustainable Dev elopment Goals (SDGs), particularly SDG 15, w hich targets indicators relating to land degradation and protection of ecosystems (i.e. sedimentation, flooding, landslides, w ater eutrophication, biodiv ersity loss, land abandonment, destruction of infrastructures). The extension of soil erosion to encapsulate these cost concepts may likely rev eal ev en greater costs than the loss of crop productiv ity (Telles et al., 2011) . (Wischmeier and Smith, 1978) . To incorporate the impact of flow convergence in the estimation of the slope-length factor (LS), the RUSLE equation proposed by Renard et al. (1997) replaced by the ones proposed by Desmet and Gov ers (1996) .
 Land Cov er and Management Factor: The C-factor describes the land cov er and management factor that measures the combined effect of all the interrelated cov er and management v ariables (Wischmeier and Smith, 1978) . I t may range from 0 to 1 depending on the ground cov er. Generally, v alues close to zero are typical of forested areas w here the ground cov er can reach up to 100%, w hereas v alues close to one are typical of bare land.
 Support Practice Factor: The conv ersation support practice factor, P, is the ratio of soil loss w ith a conserv ation support practice like contouring, strip cropping, terracing and subsurface drainage (Wischmeier and Smith, 1978) . Values for the support practice P-factor are generally the most uncertain and the most difficult to assess abov e the field-scale. Often, these are not taken into account in the v ast majority of basin-and regional-scale assessments.
A2. Labour and capital transfer in MAGNET
I n the standard GTAP model, capital and labour are treated as perfectly mobile across different industrial uses. This implies that the return to capital (i.e., rent) and labour (i.e., w age) is equal for each industry 'i'. MAGNET follow s the w ork on the agricultural v ariant of the GTAP model ('GTAP-AGR') by Keeney and Hertel (2005) . Thus, labour and capital transfer betw een the primary agricultural and non-primary agricultural sub-sectors is made 'sluggish' v ia the usage of a Constant Elasticity of Transformation (CET) function (see Figure A1 ). The policy implication is that in the real w orld, there are observ ed differences in the return to capital and labour betw een the tw o sub-sectors. For both labour and capital, the elasticity of transformation in each nest is the same as that employed in the GTAP-AGR model, and takes a v alue of 1. 
A3. Agricultural land supply in MAGNET
I n the standard CGE model treatments, land supply is exogenous in each region.
How ev er, in reality, agricultural land supply can adjust due to the idling of agricultural land or the conv ersion of land to agricultural uses. The supply of agricultural land depends on its biophysical suitability, institutional factors (agricultural, urban and nature protection policies) and land price (Tabeau et al., 2006, p.3) . Biophysical suitability refers to climate, soil and w ater conditions that make a plot of land suitable for cultiv ation. Accordingly, biophysical parameters w ill define the maximum potentially av ailable land surface that can be used for agricultural purposes (the asymptote in Figure A2 ). At the outset, the most productiv e land is used first. With increases in land usage, farmers must employ less productiv e land implying that the marginal cost of conv ersion rises, which is reflected in a higher land price. This relationship betw een land usage and prices giv es an upw ard sloping supply curv e (see Figure A2 ).
Any point along the supply curv e is feasible from an agronomic point of v iew, however, ev ery country/region w ill be positioned on a specific point, representing the current relativ e use of land in the agricultural sector. When the region is currently using a low proportion of all the potentially av ailable land, any increase in demand for agricultural land w ill lead to conv ersion towards agricultural uses at a modest increase in price (e.g. point A in Figure A2 ). I n this zone of the supply curv e, the supply elasticity is relativ ely higher, and the marginal cost of conv erting non-agricultural land into agricultural land is relativ ely lower. However, w hen a region is currently cultiv ating most of the av ailable land (e.g. point B in Figure A2 ), any increase in demand that requires the conv ersion of qo(ENDWM,REG) qoagr(ENDWM,REG) qonagr(ENDWM,REG) CET   the scarce non-used land to agriculture, w ill lead to the conv ersion of the least productiv e land and at a relativ ely higher marginal cost (land supply elasticity is low ). 
A4. Water abstraction in MAGNET
The MAGNET model includes a w ater module based on satellite data (Haqiqi et al., 2016) I rrigated land use changes are calculated by assuming that the share of irrigated land in all crop activ ities in the one-year period contemplated w ithin this study remains exogenously fixed. By linking the w ater withdraw als directly to land use instead of crop production implies that intensifying non-land inputs (e.g. capital, labour and fertilizer)
can increase crop production w ithout leading to more w ater w ithdraw als.
